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USE OF AN ANIMAL MODEL DEFICIENT IN P53 AND HAVING 
MEMOR Y DEFICIENCY AND/OR BEHAVIORAL DlgO kDERS^FOK 

THERAPEUTIC PURPOSES 



5 The present invention relates to an animal model 

having anxiety-related memory deficiency and/or behavioral 
disorders. It also relates to the use of this animal model 
for the screening and characterization of molecules capable 
of acting on memory and/or anxiety. It also proposes the 

10 use of a compound or a composition for the preparation of a 
medicament intended for said treatments. 

The inventors have indeed established a 
relationship between a functionality defect in the 
molecular pathway of the p53 gene, on the one hand, and 

15 anxiety-related memory and/or behavioral disorders, on the 
other hand. 

While the role of the p53 gene as tumor suppressor 
has been well established by a series of studies (Levine et 
al., 1991; Eliyahu et al., 1989; Michalovitz et al., 1990; 

20 Hollstein et al., 1991), the investigations on p53- 
deficient mice which succumb rapidly to neoplasia have 
contributed toward reinforcing this observation (Donchower 
et al., 1992). Interestingly, at a specific level of their 
development, a significant portion of these mice show major 

25 impairments including the abnormal closure of the neural 
tube (Sah et al., 1995; Armstrong et al., 1995) leading to 
exencephaly and then anencephaly. 

The inventors therefore focused on studying mice 
having a deficiency in their p53 gene but born with an 

30 unimpaired central nervous system (CNS) . No previous study 
has described any flagrant histopathological abnormality; 
however, this does not exclude the possibility that the 
- nonfunctional p53 gene may influence, at a molecular level , - 
the transduction pathways giving rise to an abnormal 

35 functioning of central nervous system. 
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The inventors therefore focused on determining if 
mice homozygous or heterozygous with respect to the 
deficiency of their p53 gene showed any characteristic 
feature in their neurological and cognitive behavior. 

Two groups of animals were studied, homozygous 
young mice p53-/- (that is to say in which the two alleles 
of the p53 gene are not functional) and heterozygous adult 
mice p53-/+ (in which only one of the two alleles of the 
p53 gene is not functional) . This choice was dictated by 
the fact that the homozygous mice p53-/- (or so-called 
"knock-out" mice) develop tumors at an early stage of their 
life while the heterozygous mice develop tumors much later. 
The experiments were therefore carried out over a period of 
time when the animal is not ill since mice carrying tumors 
can have abnormal behavior which does not result from a 
neurological dysfunction but rather from the fact that they 
are suffering from their tumors. The mice deficient in 
their p53 gene and used in the context of the present 
invention are marketed by TACONIC FARMS, USA. 

Two tests presented in detail below were carried 
out, namely the Morris swimming pool and the Open-Field. 

The Morris swimming pool test (Morris et al . , 1981, 
Morris et al . , 1984 ), in which spatial learning and memory 
are evaluated, was used successfully in recent studies in 
particular on model mice having symptoms of Alzheimer's 
disease (Nalbantoglu et al., 1997, Hsiao et al., 1996). 

In the Open-Field test, behavioral parameters are 
measured. (Archer et al., 1973, Walsh et al., 1976). This 
procedure has already been used in the context of the 
evaluation of the psychological profile of mice having a 
behavior associated with fear (Gershenfeld et al . , 1997) 
and to study the effects on behavior of the inactivated 
gene encoding the estrogen receptor- (Ogawa et al . , 1997). 

These tests were carried out according to a "blind" 
design as regards the age and the genotype of the mice.. 
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Figure 1 presents results obtained by the Morris 
swimming pool test. It presents the spatial bias index as a 
function of the genotype of the mice. Figures la and lb 
relate to homozygous young mice p53-/- and figures lc and 
5 Id relate to heterozygous adult mice p53-/+. In both cases, 

the spatial bias index is calculated immediately after 
learning the procedural component of the test and then 
fifteen days later without additional training. 

Figure 2 presents the results obtained by the Open- 
10 Field test consisting in counting the number of times the 

mouse crosses the central part of the field knowing that 
the anxiety which it can manifest is capable of preventing 
it from doing so. Figures 2a and 2c present the number of 
crossings of the central sector by the p53-/- and p53-/+ 
15 mice, respectively, compared with the control mice. Figures 
2b and 2d represent the percentage of the number of 
crossings of the central sector relative to the total 
number of crossings for the same groups' of mice. 

Figures le and 2e relate to the analysis of 
20 variance (AN OVA) by means of a diagram of repeat 
measurements, relating to the behavior of the mice. The 
square correlation (r2) was calculated in order to explain 
the part of the variance resulting from the deficiency of 
the p53 gene. 

25 Figure 3 also presents the results obtained by the 

Morris swimming pool test as a function of the sex of the 
mice. Once in the water, the mice have to learn to navigate 
toward the invisible platform. At the end of the learning, 
the mice are subjected to the spatial bias index test (F = 

30 female, M = male, WT = wild type) . The two modes of 

variance analysis revealed a significant interaction of the 
genotypic sex (F ( 1 . 4 3 ) =11 . 63; p-0.001; r 2 =0.26). Scheffe 
-post-hoc test: Fp53-/-- versus FWT = _3.25-;-p =- 0.01; Fp-53-/- 
versus Mp53-/- = 2.77; p = 0.043. 

35 Figure 4 illustrates the activation of p21Wafl and 
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the repression of PS1 in the brain of adult mice p53-/- 
(this includes mice p53-/- that have while young performed 
the Morris swimming pool and Open-Field tests as reported 
above. Upon analysis, it was found that these mice had not 
5 yet developed tumors) . 

The Northern-blot analysis (a-f) of Wafl, PS1 and 
GAPDH (as control) is carried out on brains of young (a-c) 
and adult (d-f) mice. Lane 1 corresponds to the control 
mouse, lanes 2-3 to the male and female p53 knock-out mice. 

10 (a-c) correspond to the same Northern blot hybridized with 

different probes. No difference was noted in the expression 
of Wafl and of PS1 between the control and the knock-out 
mice. For the adult mice, the hybridization is also carried 
out on the same Northern blot (d-f) . The parentheses for 

15 (GAPDH) and (PS1) indicate what remains of the probes after 

dehybridization under nonstringent conditions. A high 
induction of p21 Wafl (d) and a repression of PS1 (e) are 
noted in the p53-def icient mice. 

The Western-blot analysis is carried out on protein 

20 extracts from the brains of the same adult animals (g-i), 
with anti-Wafl, anti-PSl and ant i-beta-tubulin (as control) 
antibodies. Lane 1 corresponds to the control mouse; lanes 
2-3 to the p53 knock-out mice. An increased expression of 
p21Wafl and a reduced expression of PS1 are observed in the 

25 p53-def icient mice. 

Figure 5 illustrates apoptosis and the 
int racytoplasmic accumulation of amyloid-beta 42 in the 
brains of adult mice p53-/- as defined above. 

(a) and (b) represent labeling of the isocortex 

30 with hematoxylin and with eosin in a control mouse and a 
knock-out mouse, respectively. The arrows indicate a 
thinning of the isocortex in the knock-out mouse (b) . The 
magnification is 6.6 relative to the origin. 

(c) and. (d) . represent staining by the TUNEL 

35 technique and the Harris hematoxylin count erstaining in the 
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control (c) and in the knock-out mouse (d) . In (d) , two 
positive nuclei are observed by the TUNEL technique 
(arrows). The magnification is 132. 

(e) illustrates the quantification by the TUNEL 
5 technique. 

(f-i) illustrate the immunohistochemical analysis 
using anti-amyloid-beta 42 specific antibodies. f and h 
correspond to the control mice, g and i are p53 knock-out 
mice which show an intracytoplasmic accumulation of 
10 amyloid-beta 42 (f-g: magnification x 40, h-1 magnification 
x 100) . 

Results of the Morris swimming pool test 
The young mice p53-/- and the adult mice p53-/ + 
satisfy the test in a manner comparable to the control mice 

15 of the same age. This indicates that spatial learning in 
these mice is not affected by any deficiency in their p53 
gene (Figure la and Figure lc) . In order to measure the 
memory of these mice, they were again subjected to the 
Morris swimming pool test after a period of two weeks and 

20 without additional training. The young mice p53-/- have a 
lower spatial index but not significantly different from 
that shown by the control mice at the same age (Figure lb). 
On the other hand, the adult mice p53-/+ have a 
significantly lower spatial index than that shown by the 

25 control mice (Figure Id). 

These results show that a memory deficiency is 
present in this group of animals since the real level of 
the spatial index, after a period of fifteen days, depends 
only on their capacity to recall the test. A histological 

30 examination of the brain of the adult mice p53-/+ was 
carried out but did not reveal any abnormality (data not 
shown) . The fact that this memory deficiency is only 
visible - in - the adult- mice p53-/+ and not in the young mice - - 
p53-/- suggests that an age-dependent factor, that is to 

35 say the stage of maturation of the brain, may play a role 
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in the detection of memory deficiency. Although most 
studies of this type designed to detect behavioral or 
memory abnormalities, in neurodegenerative diseases, are 
carried out on adult mice, adult homozygous mice could not 
5 be studied because of the tumor development and that is the 
reason why the study was carried out on heterozygous mice. 
Results of the Open-Field test 

The young mice p53-/- (Figure 2a) and adult mice 
p53-/+ (Figure 2c) show a significantly lower number of 

10 crossings of the central sector compared with the control 
group of mice of the same age. Since the number of 
crossings of the central sector is proportional to the 
capacity of the mice to overcome their fear of moving away 
from the wall, in order to explore an unknown territory, 

15 these results suggest that the p53-def icient mice are more 
thigmotaxic than the corresponding normal mice (that is to 
say that they have a higher tendency to keep close to the 
walls) . In order to exclude the possibility that a small 
number of crossings of the central sector may be due to a 

20 globally reduced locomotive activity, the number of 
crossings of the central sector was expressed as a 
percentage of the total number of crossings. This relative 
central activity is also significantly reduced in the two 
groups of p53-def icient mice (Figure 2b and Figure 2d) . 

25 The inventors then focused on going deeper into the 

results of the Morris swimming pool tests as reported 
above, obtained for the homozygous mice p53-/-, according 
to their sex. They therefore separated the measurements of 
the ' spatial index obtained for the male mice from those 

30 obtained for the female mice and compared them to the 
corresponding control group (Figure 3) . 

While the males p53-/- show no significant 
difference from the male and female wiTd-type controls, the 
females p53-/- show a performance which is significantly 

35 less than the control, this indicating lower capacities to 
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memorize and a poorer spatial learning. 

The inventors then continued their investigations 
in order to determine if the disruptions in the functions 
of the central nervous system in the p53 knock-out mice 
5 were correlated with changes in the expression, in the 
brain, of p21Wafl and PS1 since these two genes are 
regulated by wild-type p53 and are considered as modulators 
of apoptosis. They detected striking differences correlated 
with age. The young mice p53-/- (two months old) have the 

10 same level of mRNA corresponding to p21Wafl and PS1 as the 
control mice (Figure 4 a-c) . By contrast, the adult mice 
p53-/- (the same group on which the Morris swimming pool 
and Open-Field tests were carried out two months earlier) 
show a high increase in the expression of p21Wafl and high 

15 repression of the expression of PS1 (Figure 4 d-f). Given 
the fact that PS1 undergoes proteolytic cleavage, the 
inventors tested its expression at the protein level. As 
shown in Figure 4h, the expression of the PS1 protein is 
very substantially reduced in the p53 knock-out mice. The 

20 inventors also tested the p53 knock-out mice in relation to 
mutations in the coding region of the cDNA for PS1. Nothing 
was found. These observations suggest that the older p53 
knock-out mice overcompensate for the loss of p53 by 
over-expression of p21Waf with consequently a repression of 

25 PS1. Previous studies by the inventors showed that the 
increased expression of p21Wafl resulted from the 
repression of PS1 with an induction of apoptosis and that 
the inhibition of the production of, PS1 by an antisense 
cDNA induced apoptosis. This corroborates the notion that 

30 the reduction in the expression of PS1 in the brain could 
cause impairments in the functioning of the central nervous 
system through an increase in apoptosis. 

The fact that" young" p53~ knock-out mice" already have 
deficiencies in relation to learning, memory and behavior 

35 before a measurable reduction in the expression of PS1 is 
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similar to what is found in neurodegenerative diseases. 
Abnormalities in behavior may be observed in patients who 
have been suffering from Alzheimer's disease for a long 
time before the terminal stage of the disease in which 
5 there is neurodegeneration . These data suggest a process 
which progresses slowly, in which the memory and behavioral 
abnormalities take place before a repression of PS1 becomes 
measurable . 

The histopathological analyses combined with the 

10 TUNEL technique for evaluating apoptosis were performed on 
the same group of old animals showing a reduction in the 
expression of PS1 as indicated above. Three of the four 
mice showed no striking pathological abnormality. One 
knock-out mouse (female) showed a thinning of more than 50% 

15 of the isocortex with a very enlarged ventricle compared 
with the control animals (Figure 5a-b) . The TUNEL 
experiment showed discrete apoptotic lesions (Figure 5d) in 
the brain without massive apoptosis- The quantification of 
the positive cells by TUNEL (Figure 5e) indicated that, 

20 whereas in the control brains only one case showed five 
positive cells out of 1740 counted, the mice p53-/- had up 
to 5.5% (25/465) and 13% (39/305) positive cells by TUNEL 
in the male and female animals, respectively (Figure 5e) . 

Because patients with Alzheimer's disease and 

25 transgenic mice with mutations in PS1 show 
neurodegeneration with apoptosis and accumulation of 
amyloid-beta 42, the inventors then tested for the presence 
of amyloid-beta 42 in the brains of the p53 knock-out mice. 
As shown in Figure 5h-i, the p53-def icient mice show high 

30 levels of amyloid-beta 42 in the cytoplasmic compartment. 

In conclusion, these experiments indicate that the 
intact expression of p53 is necessary to ensure the complex 
functions of the central nervous system. These- functions 
include memory and a standard behavior in anxiogenic 

35 situations. The precise mechanism by which the loss of the 
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functionality of p53 interferes with memory and behavior 
may be due to a deregulation of the p53 metabolic pathway 
at the molecular level. 

Furthermore, it was shown that the mice p53-/- 
5 which showed deficiencies in memory, in their ability to 
learn, as well as an abnormal behavior had discrete 
apoptotic lesions in their brain. These impairments appear 
to indicate an age-dependent overcompensation of the p53 
deficiency in the long term by an increase in the 

10 expression of p21Wafl which leads to a repression of PS1. 

This in turn compromises the ant i-apoptotic effect of PS1. 
These data indicate that the loss of the function of PS1 
either through mutations as shown in early familial 
Alzheimer's diseases, or through the deregulation of 

15 expression as is the case in p53-def icient mice, activates 
the program of cell death. This is coupled with the 
impaired metabolism of APP (Amyloid Precursor Protein) 
leading to the accumulation of amyloid-beta 42. Thus, the 
inventors have demonstrated the basis for novel strategies 

20 for the treatment of neurodegenerative diseases. 

Thus, surprisingly, the inventors have demonstrated 
that a mouse deficient in its p53 gene had learning and 
memory disorders and/or behavioral disorders such as 
anxiety . 

25 Consequently, the present invention relates to an 

animal model, and in particular a mouse, having memory 
deficiency, the animal in question having at least one of 
the alleles of its p53 gene nonfunctional. This is the case 
with the mice p53-/+. 

30 The model in question may in addition have 

behavioral disorders such as anxiety, and in this case, it 
is both alleles of the p53 gene in the animal which are not 
functional. This is the case with the homozygous mice 
p53-/-, but also as indicated above, the mice p53-/+ which 

35 also have behavioral disorders in an anxiogenic situation. 
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Thus, the animal model in question may be used for 
the screening of molecules capable of having an anxiolytic 
activity and/or of at least partially restoring memory. 

Indeed, after having subjected mice p53-/+ to any 
5 learning test, it is known that two weeks later, they show 

a memory deficiency. They are then treated with a molecule 
(preferably suspected of acting on the memory) , and the 
treated mice are again subjected to the test. The molecule 
will only be selected for additional investigations if it 
10 made it possible to significantly restore the memory of 
said mice. 

In the context of tests conventionally carried out 
in this field, the animal model in accordance with the 
invention may also be used to determine the characteristics 

15 of a molecule which is known to be capable of acting on 
anxiety and/or memory, the characteristics relating to the 
pharmacodynamics, the pharmacokinetics and the toxicity of 
these molecules and the like. 

Finally, the present invention also relates to the 

20 use of an agent that induces the metabolic pathway of the 
p53 gene, whether upstream or downstream thereof, for the 
preparation of a medicament intended for the treatment of 
memory and anxiety disorders and/or of neurodegenerative 
diseases. Indeed, the p53 gene is involved in a cascade of 

25 genes which interact with each other. The equilibrium of 
this cascade is characteristic of M a normal state" 
characterized by control of cell growth and of the process 
of apoptosis. It may therefore be advantageous to be able 
to act at different levels of the molecular pathway of the 

30 p53 gene according to the desired result. 

Consequently, the present invention also relates to 
the case where said induction of the metabolic pathway of 
the p53 gene is an induction of the expression of- a gene 
activated or inhibited by the p53 gene. 

35 In particular, the abovementioned agent may in 
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addition exhibit an antitumor activity by activation of the 
metabolic or molecular pathway of the p53 gene. This agent 
may be for example the product of the expression of one of 
the genes involved in the cascade mentioned above. 
5 The invention is not limited to the above 

description and the results obtained in the context of the 
abovementioned experiments will be understood more clearly 
by means of the presentation below of the two tests to 
which the mice were subjected. 

10 

METHODS : Behavioral measurements 

The Morris swimming pool (Morris, 1981) . The 
circular swimming pool made from PVC, of ivory color and 

15 70 cm in diameter and 30 cm in height, is filled with water 
at 22 ± 1°C, which is colored white by addition of the 
coloring Opacifier 631®, to a height of 12 cm below the 
edge of the wall. A circular platform 5 cm in diameter 
serving as the objective is immersed 0.5 cm under the 

20 water, 7 cm away from the wall. The device is placed in a 
rectangular room. Two rectangular markers (50 x 30 cm), one 
black and one with black and white stripes, are attached to 
two adjacent walls 1.5 meters away from the swimming pool. 
A video camera, placed vertically above the swimming pool 

25 makes it possible to record the movements of the mice on a 
video tape in order to analyze them subsequently. The 
experimentalist is hidden behind a white curtain. Placed in 
the water, facing the wall, in a quadrant that varies in a 
pseudorandom manner from one test to another, the mice have 

30 to learn to navigate toward the platform using the distal 
visual markers available in the room. After a practice 
session of three trials intended for learning the 
procedural component of the test, the mice are subjected to 
three consecutive trials per day for 4 days. The maximum 

35 time allowed to reach the platform was set at 60 seconds. 
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If a mouse cannot reach the platform within this period of 
time, it is guided to it by the experimentalist. The sum of 
the three lag times constitutes the score for the session. 
After the last trial of the third session, the mouse is 
5 subjected to a spatial bias test intended to check the 
accuracy of the spatial learning (short-term memory) . The 
platform is then removed from the device and the mouse, 
starting from the opposite quadrant, has to swim in search 
of it for one minute. The route is recorded on a videotape 

10 and a spatial bias index is then calculated. It corresponds 
to the difference between the number of times it crosses an 
8 cm ring surrounding the position of the platform and the 
mean number of times it crosses the three annuli placed 
symmetrically in the other three quadrants. Another spatial 

15 bias test is carried out after a period of 15 days without 
additional training (long-term memory). 

Open-field (Archer, 1973; Walsh and Cummins, 1976). 
The mice are introduced individually into a grey PVC 
cylinder 40 cm in diameter and 30 cm in height, placed on a 

20 sheet of white paper through which it is possible to 
distinguish the lines which divide the floor of the open- 
field into 7 sectors having the same surface area 
(1 central sector and 6 peripheral sectors). This device, 
illuminated with white light diffusing through frosted 

25 glass (125 lux) constitutes for the mice a moderately 
anxiogenic situation. The mice are subjected to three daily 
sessions of 15 minutes, 45 minutes apart, this being for 
4 consecutive days. The behavioral measurements are 
performed for the first 5 minutes of each session. They 

30 consist essentially in counting the number of times the 
mice "are bold enough" to move away from the side walls of 
the cylinder in order to cross the central sector of the 
Open-Field. 
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